Here, we assessed the effects of 17b-estradiol exposure on mRNA co-expression patterns of muscle tissue during recovery in a closed muscle crush injury and hypobaria exposure murine model. Eighteen ovariectomized placebo-treated and 18 ovariectomized 17b-estradiol-treated female mice underwent closed muscle crush injury and hypobaric simulated flight. The mice recovered for 32, 96, or 192 h, and then were euthanized. Their harvested injured lateral gastrocnemius muscles underwent microarray analysis. We used weighted gene co-expression network analysis to construct a co-expression network for the control mice, and then applied the same network to the estrogen-treated mice. We compared the relationships between co-expression in gene modules over time between the two experimental groups. Enriched functional cluster analyses of significant co-expression network modules document a variety of different pathways of interest. Some of the functional cluster enrichments within several of the significantly correlated modules are related to the formation and function of microtubules. Our findings demonstrate that following a closed muscle crush injury in a murine model, the presence of 17b-estradiol alters mRNA co-expression patterns over time. It appears that estrogen promotes the expression of mRNA related to microtubule activity within the cytoskeleton of myofibers and in movement of organelles and receptors. Further study is needed, but the enrichment of these microtubule-related pathways may be integral in the muscle tissue regeneration process, and thus suggests that the presence of estrogen may promote muscle recovery through the work of the microtubules.
Introduction
Similar to other skeletal muscle injuries, a muscle crush injury can lead to high morbidity (e.g. shock and renal failure) and mortality. 1, 2 In general, the early stage of pathophysiologic progression of muscle crush injury includes ischemia, necrosis, inflammation, reperfusion, and in the later stages, regeneration. [3] [4] [5] Estrogen is a key hormone that influences muscle tissue and is active in healthy and injured muscle, including both the early and later stages.
The benefit and roles of both endogenous and exogenous estrogens within muscle tissue have been reviewed extensively in the literature spanning human and animal models. 6, 7 Exogenous estrogen therapies have been largely studied in non-injured tissues in order to describe how estrogen replacement affects skeletal muscle tissues, including muscle fiber size, gene expression, and tissue structure. [7] [8] [9] [10] In a study of postmenopausal monozygotic twins, estradiol treatment via hormone replacement therapy was associated with cytoskeletal shape preservation
Impact statement
This study uses a murine model to address the clinical situation of transporting soldiers or civilians who have sustained skeletal muscle trauma by air. Our findings show that crush-injured muscle tissue of ovariectomized, 17b-estradiol-treated mice exposed to mild hypobaric hypoxia exhibited mRNA co-expression patterns among pathways associated with microtubule-dependent processes. Palmitoylation and other pathways necessary for movement of estrogen receptors to the cell membrane were also differentially enriched in the estrogen-treated mice. These first findings reframe the discussion regarding estrogen effects during muscle recovery from an inflammation-oriented inquiry to that of a structural, cytoskeletal inquiry and support additional research to understand the non-inflammation-related influences of estrogen during muscle recovery. Also, these results may suggest a role for estrogen or estrogen-like substances to treat muscle trauma. pathways, and the expression levels of those pathways explained 19% of the differences in relative thigh muscle proportion between the estrogen replacement exposed and nonhormone-replaced twins. 11 Cytoskeletal shape is influenced by the function of microtubule-related processes, and the connections between microtubules and muscle tissue responses to estrogen, including shape, function, organization, and differentiation, were also of interest to us in this study. [12] [13] [14] Regarding the early stage of muscle recovery, estrogens are attenuators of inflammatory and immune responses. [15] [16] [17] [18] [19] [20] However, the physiologic mechanisms of estrogen's influence on inflammation, immune response, and muscle healing vary across several rat and mouse models. For example, after downhill running, quadriceps femoris myofiber swelling occurred more slowly in female rats, and macrophage invasion and necrosis were less in this population. 21 In another downhill running experiment, estrogen treatment had an attenuating effect 24 h postexercise on levels of infiltration of neutrophils in the white vastus muscle and macrophages in the injured soleus and white vastus muscles of ovariectomized rats. 22 In contrast, mouse muscle injury models have yielded differing results related to estrogens' effects on muscle inflammation. For example, in a study of lengthening contraction muscle injury in a mouse model, St. Pierre Schneider et al. 23 identified two sex-based inflammatory response differences: a later elevation of ER-BMDM1-positive leukocytes in female mice (seven days) than in male mice (five days), and fewer acid phosphatase-positive leukocytes in female mice injured muscle tissue one day after injury than in the males. However, in a different lengthening contraction injury mouse model study, St. Pierre Schneider et al. 24 did not find any leukocyte infiltration attenuation in ovariectomized mice receiving 17b-estradiol treatment. These differences in rat and mouse model findings are puzzling and leave several open questions as to why the mouse model results are different from the rat models. Some of these differences in the estrogens' effects on the early stages of muscle recovery may depend on the type of muscle injury, and understanding more about these differences remains an important scientific question.
In the later stages of recovery, injured muscle undergoes regeneration in which necrotic or damaged myofibers are replaced or repaired. Examining cardiotoxin-induced muscle tissue injury in ovariectomized mice, Kitajima and Ono 15 showed that estrogen increased the efficiency of satellite cells, noting estrogen-related differences in proportions of satellite cells in a state of myogenic differentiation vs. quiescence, but not an actual increase in the number of satellite cells per myofiber. 15 They also reported that when compared to ovariectomized mice, intact mice had a higher proportion of myonuclei per myofiber, which directly relates to satellite cells' role in producing myonuclei in muscle growth and regeneration. In contrast, Tiidus et al. 25 found that the number of satellite cells increased in male rats treated with estrogen 72 h after downhill running injury compared to the controls. Further, they reported that estrogens' stimulation of satellite cell activation and proliferation in post-exercise muscle appears to be carried out through estrogen receptor-alpha. 22, 26 While these models are valuable for understanding the influences of estrogen on muscle growth, recovery, and inflammation, the differences related to model species, biological sex, mechanisms of injury, and other key study design components have not been fully described, and are worth further study.
Crush injuries of upper and lower extremities occur most frequently because of natural disasters, motor vehicle accidents, military conflicts, or through work-related injuries. 2, 27 In many instances, long-distance aeromedical evacuation can be a critical factor in survival from these types of extremity trauma. However, during flight, the aircraft cabin is not pressurized to sea level (only to an altitude of 8000 ft), so the supply of environmental oxygen inside the cabin is lower than normal. Furthermore, not all injured people receive supplemental oxygen. Therefore, the likelihood of developing some degree of hypobaria-induced hypoxia is high, with one study noting 90% with at least one episode of noninvasive oxygen saturation less than 90%, 28, 29 which may exacerbate tissue apoptosis and necrosis. 30, 31 Goodman et al. simulated a 5-h hypobaric aeromedical evacuation flight of traumatic brain injured and shaminjured mice, and reported increased inflammatory markers (e.g. interleukin-6, macrophage inflammatory protein-1a) in cerebral tissue among the mice in the early (3 h post-injury) flight group, but not those in the delayed (24 h post-injury) flight group. Other results from prior studies examining the influence of aeromedical evacuation (through simulation) on muscle and limb injuries showed no association between increased edema 32 or extremity compartment syndrome 30 and evacuation. Kalns et al. 30 further reported that there was an increased quantity of some inflammatory cytokines (e.g. interleukin-1 beta, interleukin-6, tumor necrosis factor) in injured muscle tissue exposed to simulated flight. 30 Aeromedical evacuation can be a critical strategy to prevent the loss of limbs post crush injury, but it has been linked to inflammatory responses in injury of muscle and other tissues.
The aim of this study was to examine the effects of 17bestradiol treatment on mRNA co-expression patterns in murine crush-injured skeletal muscle exposed to simulated aeromedical evacuation in a time-course experiment. The presence of estrogen in the ovariectomized mice resulted in different mRNA co-expression patterns over time when compared to placebo ovariectomized control mice. The pathways enriched within the treated mice co-expression patterns showed significant relationships with microtubules and microtubule-related processes. While enrichment of some immune and inflammatory-related pathways were also confirmed in our analyses, these microtubule-related findings are of interest because of their close relationships to estrogens' roles in the structure and function of muscle tissues identified in previously published studies discussed earlier. Therefore, these results support further exploration of the roles of estrogens and microtubules in the functions of muscle tissue and their roles at the cell-and tissue-level responses to injuries. 
Materials and methods

Animals
Female C57BL/6NHsd ovariectomized (OVX) mice (six to eight weeks old, n ¼ 36) were acquired from Harlan Laboratories (Indianapolis, IN, USA). Upon arrival to the pathogen-free facility, the mice were individually housed. A 12:12-hour light:dark cycle was implemented, with food and water as desired. All procedures were approved by the University of Nevada, Las Vegas Institutional Animal Care and Use Committee and the United States Air Force Animal Use Programs Office of Research Oversight and Compliance, and began after the mice had acclimated for at least five days in the facility.
Experimental procedures
Estrogen and placebo treatment. The ovariectomized mice were divided into control (OC, n ¼ 18) and estradiol (OE, n ¼ 18) groups. Those two groups were then divided into three euthanasia time point groups, targeting 32 h, 96 h (4 d), and 192 h (8 d) post-crush and representing different phases of muscle recovery. Before the mice underwent the crush injury procedure, pellets were implanted four to nine weeks after ovariectomy (day of placebo or estrogen treatment). The OC mice were administered a 60-dayrelease placebo pellet (Innovative Research of America, Sarasota, FL, USA; 0.18 mg total), and the OE mice received a 60-day-release 17-b estradiol pellet (Innovative Research of America, Sarasota, FL, USA; 0.18 mg total).
Closed muscle crush injury. On the eighth day of placebo or estrogen treatment, the crush injury procedure was performed. Mice were administered buprenorphine (Reckitt Benckiser Pharmaceuticals, Richmond, VA, USA), approximately 0.10 mg/kg subcutaneously, 1-5% inhaled isoflurane to effect and 100% oxygen. The crush injury was then applied to each mouse. The apparatus piston is in direct contact with the skin over the gastrocnemius and quadriceps muscles on the right side. Pressure was applied for 30 s at 45 psi for two to four applications. For a full description of the muscle crush model, see Dobek et al. 3 A second dose of buprenorphine was administered 10-12 h from the first dose.
Hypobaria exposure. Approximately 22-24 h following the crush injury procedure, the mice were exposed to hypobaria (565 AE 5 torr) for approximately 8-9 h, which was to a similar protocol as described in St. Pierre Schneider et al. 33 
Post-crush injury recovery and tissue harvesting
Each mouse was allowed to recover for approximately 32, 96, or 192 h post injury. Then, the mice were weighed and anesthetized with inhalant isoflurane (3-4%) and 100% oxygen. Next, blood was collected, and then the anesthetized mice underwent cervical dislocation. Uninjured or left and injured or right lateral gastrocnemius and quadriceps femoris muscles were harvested. The harvested samples were stored at -150 C after flash freezing in liquid nitrogen.
Only the lateral gastrocnemius muscles underwent reverse transcriptase polymerase chain reaction. The uterine horns were also removed and weighed to calculate the relative uterine horn weight (RelUHW) as a proxy for estrogen bioactivity. 34 
RNA isolation and preparation
The RNA was extracted from the lateral gastrocnemius muscle using the RNeasy Fibrous Tissue Midi Kit (Qiagen, Valencia, CA, USA). Isolated RNA purity and concentration was determined using a Nanodrop ND-1000 (NanoDrop, Wilmington, DE, USA).
Microarray
Following RNA isolation and preparation, RNA samples were processed according to the Affymetrix GeneChip Whole Transcript Sense target labeling protocol (http:// www.affymetrix.com/index.affx) for the Affymetrix Mouse Gene 1.0 ST array (Santa Clara, CA, USA). Arrays were scanned using an Affymetrix GeneChip V R 3000 scanner. Image generation and feature extraction were performed using Affymetrix GeneChip Command Console software. The samples were processed at the microarray facilities of the University of Washington Department of Environmental & Occupational Health Sciences (DEOHS).
Statistical analyses Microarray data preprocessing
Raw data from the Affymetrix GeneChip V R scan were preprocessed for analyses using the 'frozen' robust multiarray analysis (fRMA) package for R. 35 This preprocessing algorithm performs background correction, normalization, and summarization of the raw microarray data. The preprocessing of the mRNA data was conducted by the DEOHS using fRMA version 1.14.0 for R (R: The R Project for Statistical Computing, version 3.0.2 for Windows, 09-25-2013) and Bioconductor (version 2.22.0). 36, 37 Weighted gene co-expression network analysis
We used a comparative systems analytical approach to identify mRNA co-expression networks among control and estradiol group samples. No samples were identified as outliers based on connectivity among the samples in a signed, correlation network of each observation, with a threshold of À2.5. 38 Then the preprocessed mRNA data were analyzed by treatment grouping (OCs, n ¼ 18; OEs, n ¼ 18) using the weighted gene co-expression network analysis (WGCNA) package for R. [39] [40] [41] Both the statistical and biological underpinnings for WGCNA have been described. [38] [39] [40] [41] In brief, our analysis was conducted based on standard WGCNA practices unless otherwise specified herein. We used the block-wise module function of the WGCNA package to construct the weighted gene co-expression networks. This function breaks the datasets into manageable blocks of 15,000, which allows for the inclusion of all 23,746 unique genes in the building of the modular network. We chose to use the bicor (or biweight mid-correlation) and 'signed hybrid' options in WGCNA to calculate the pair-wise correlation adjacency matrices. To ensure all networks reach scale-free topology, we used a soft-thresholding level or power b ¼ 12 for the treatment group-wise analyses. 40, 41 Genes were then grouped together based on the similarity and dissimilarity of their connectivity patterns using a topological overlap measure (TOM) and a measure of dissimilarity of topological overlap (1-TOM) to compare and contrast the connectivity of genes within the network. 41 The genes were then hierarchically clustered based on the TOM and 1-TOM values, and the gene co-expression modules were identified using a dynamic tree-cutting algorithm. Once the initial block-wise analyses of all blocks of genes were completed, gene co-expression module assignments were reassessed across all blocks and genes were reassigned to modules where they have the highest connectivity. Module eigengenes (MEs) representing each module's first principal component were calculated, and highly correlated MEs (r > 0.75) were consolidated into one module where appropriate. Those genes not aligning with any of the modules were considered to be background genes and were assigned as members of the Grey module. 38, 40 The modules produced though WGCNA were composed of genes highly connected within the network constructed from the microarray data. The genes within the modules that were the most connected with other module member genes were considered to be hubs of the modules. 38, 40 We initially applied WGCNA to the OC data to identify the network and modular structure. In addition, the OC data capture mRNA expression in an ovarian hormone deficit state. Therefore, the OC data module assignments were used as the control network for all of our analyses, allowing for comparisons between the OC and OE data. We recognize that applying the OC module assignments to the OE data may have altered the structure of the network within the modules. However, those network structure differences observed (e.g. hub genes, top 500 genes) are essential to describing the influence that the presence of estrogen has on post-crush gene expression.
Treatment group network module-trait relationship analyses
The modules and their corresponding ME (module eigengene) values allowed us to examine correlations between modules and post-crush time (32 h, 96 h, or 192 h) and relative uterine horn weight (RelUHW). We also evaluated the modules for relationships with body weight at euthanasia as a control. We used biweight mid-correlation to evaluate associations between each module and the traits of interest. 38, 40, 41 Relationships between MEs and traits were considered significant at the P <.05 level. We made no corrections for multiple comparisons as the module-trait relationships are generative initial findings, leading to further inquiry both within and beyond the scope of this study. 42 
Identifying top genes in modules
We calculated a module membership value (kME) for each module identified through WGCNA for each gene in the dataset. The kME is equal to the correlation of each gene with each ME, and the strength of the correlation reflects how connected a gene is to the ME. 38, 39 We constructed "top gene" lists for all non-Grey modules with a significant (P < 0.05) module-trait correlation with any of the three post-crush times or the RelUHW. For modules with less than 500 gene members, all genes were included, and for those modules with greater than 500 genes, we identified the 500 most "central" genes based on their kME for the module. Each dataset had its own list of top genes for each module, and because of the shared OC module assignments across both networks, common and unique genes were present in both sets of lists. Table 1 lists the top 10 genes from modules with significant relationships to postcrush time or RelUHW from both the OC and OE networks.
Top gene list functional annotation enrichment analyses
The top genes lists for each of the modules with significant relationships with post-crush time or RelUHW were analyzed for GO Term and KEGG Pathway enrichment using the Database for Annotation, Visualization, and Integrated Discovery (DAVID) Bioinformatics Resources version 6.8 website's Functional Annotation Clustering capabilities. 43 The DAVID Functional Annotation Clustering method allows for understanding relationships among genes in a list by evaluating gene lists for enrichment of individual GO Terms or KEGG Pathways and then evaluating the similarity among individually enriched annotations through a clustering approach. We utilized the default options for clustering and stringency for each list evaluated. The cluster enrichment P-value calculated by DAVID is expressed as the minus log transformed geometric mean of the enrichment P-values of all functional terms included in the cluster, setting a value !1.3 as the equivalent to a P < 0.05. 43 
Results
Ovariectomized control treatment group WGCNA network construction
The OC group mRNA expression data clustered into 18 non-Grey modules, each representing unique MEs, made up of 32 to 4727 genes each. The Grey module consisted of 2948 genes. There were no significant relationships between any MEs and mouse body weight at euthanasia or RelUHW in the OC group. The module that a gene is assigned to is consistent throughout these results. The clustered functional enrichments of the modules may differ to some extent between the OC and OE groups, as their mRNA co-expression patterns within the modules differ, and thus each gene's kME module membership value likely differs between the OC and OE co-expression networks. So while each OC module shares the same genes with the matching OE module, the co-expression patterns and relationships among the genes in the matching modules differ, and thus the lists of top genes used for Functional Enrichment Analysis for the same colornamed module from the two treatment groups, and by extension their enriched cluster results, may be different (see Table 1 ).
These MEs were related to post-crush time points in each group to identify significant correlations related to time and the presence of estrogen (see Figure 1 ).
Clustered functional enrichments of significant modules in OC mice. Among the OC mice, four MEs were significantly correlated with the 32-h post-crush time point, including OC Brown (r ¼ À0.67, P ¼ 0.002), OC Green (r ¼ 0.51, P ¼ 0.03), OC Red (r ¼ À0.58, P ¼ 0.01), and OC Turquoise (r ¼ 0.64, P ¼ 0.005); these four MEs have a combined total of 42 statistically significant functional enrichment clusters (see Table 2 ). At the 96-h post-crush time point, the only significant correlations were the OC Yellow module (r ¼ À0.53, P ¼ 0.02) and the OC Pink module (r ¼ À0. Clustered functional enrichments of significant modules in OE mice. In the OE group, there were six modules with significant module-trait relationships. Of those six modules, two had significant relationships with RelUHW, and there was no significant relationship between any module and mouse body weight. The OE mice mRNA expression Table 2 for the OC and OE networks' thematic highlights of significantly functionally enriched clusters.
Discussion
Our findings demonstrate that following a closed musclecrush injury in a murine model, the presence of 17b-estradiol alters mRNA co-expression patterns over time.
Enriched functional cluster analyses of significant coexpression network modules document a variety of different pathways of interest. Many of the enriched clusters confirm functions expected in injury response (e.g. inflammatory and immune responses; OC/OE Brown, OC/OE Grey 60, OC Turquoise, and OE Light Cyan). We also report pathways in the functional cluster enrichments within several modules were related to microtubules (e.g. microtubules, microtubule-related movement; OC/OE Red). These microtubule-related enrichments differ Table 1 . Top 10 hub genes of key modules in the ovariectomized control and ovariectomized estrogen-treated co-expression networks.
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Note: These are the 10 most centrally located genes from key modules identified during weighted correlational gene network analysis of mRNA expression. Key modules were identified as those with any significant correlation with post injury time or RelUHW. OC: ovariectomized control; OE: ovariectomized estrogen-treated; RelUHW: relative uterine horn weight (calculated as uterine horn weight divided by necropsy weight); Bold: hub genes common between both networks. between the OE and OC groups, and while both groups show suppression at the 32-h post-crush time, the mRNA from the 17b-estradiol-exposed mice had significant positive correlations at 96-h post-crush that were higher than the control mice. These findings bolster the hypothesis that estrogen supports microtubules' functions within crushinjured muscle tissue. Further, here we suggest that future studies should explore the roles of estrogens in microtubule functions-specifically in two key areas: (1) regulation of microtubules' function within the actin cytoskeleton of myofibers, and (2) microtubule-based movement of organelles and receptors (including estrogen receptors) inside the cell and to and from the cell membrane. The structure and function of microtubules are dynamic, and many of the same pathways and structural components are involved across the many roles of microtubules, and thus these two key areas may have some overlap with each other. The functional enrichment analysis suggests a high level of activity in the co-expression of mRNA related to microtubules, both through the pathways directly related to the structure and functions of microtubules (e.g. OC/OE Red), and those associated microtubules' functions (e.g. actin cytoskeleton regulation pathway enrichment in OC/OE Brown and OE Grey 60). The actin cytoskeleton and the microtubule framework have both been identified as key components of skeletal muscle cell regeneration, maintenance, and repair processes. 44, 45 Describing their functioning together and separately within injured skeletal muscle both with and without estrogen present is important in further explorations of estrogens' treatment potential. The link between microtubules and estrogen has been noted in postmenopausal women receiving hormone replacement, 11 but as of yet has not been described in muscle damage models. These relationships between enriched pathways support the importance of microtubules and actin cytoskeleton in the repair processes of skeletal muscle, thus improving estrogen's potential as a treatment to influence these processes is key to better understanding the differences in mRNA co-expression.
The function of the microtubules and other cell components in the preservation, manipulation, and alteration of the cell membrane and cytoskeleton is important for cell growth, motility, migration, and many other key functions. [46] [47] [48] Both actin fibers and microtubules are important for the movement of cells within muscle tissue, and many of these processes are associated with the Arp2/3 complex required for nuclear positioning in skeletal muscle regeneration (OC Turquoise, OE Brown, OE Light Cyan). [49] [50] [51] The enriched pathways identified in our findings reflect these linkages between the microtubules and the cytoskeletal shape, and further support the need to understand the influence of estrogen on the function and structure of microtubules in skeletal muscle tissues.
Another important role of microtubules in skeletal muscle tissue is the intracellular transport and movement of proteins, complexes, and organelles. 13 Nuclear movement and alignment can influence the differentiation and function of myocytes; the movement of nuclei along myotubes is a microtubule-dependent process. 13 The movement of these nuclei has been directly linked to progression of the muscle repair process. 52 Translocation of estrogen receptor monomers from the cytoplasm to the plasma membrane is also supported by microtubule-based movement. Estrogen receptors (ERs) are linked to multiple downstream effects, some of which involve promotion of protein biosynthesis and provide feedback to the cellular monitoring systems. 53, 54 Their presence at the plasma membrane allows for initiation of processes within cells that may be important to the response to muscle cell injury. Two processes integral to the movement of ER monomers to the plasma membrane, S-palmitoylation of the ER monomer in the cytoplasm and movement of the ER monomer to the cell membrane via the microtubule network, are directly related to enriched pathways. 54, 55 Once the ER monomer is palmitoylated, it interacts with cytoplasmic calveolin-1 protein, and then recruits heat shock protein-27. The palmitoylated ER monomer-calveolin-1 complex is then moved to the cell membrane via microtubules, and there it is available for interaction with extracellular estrogens to initiate one of several downstream processes. [54] [55] [56] [57] [58] Our findings suggest that the milieu of the injured skeletal muscle in the estrogen-treated mice may be supportive of these processes (OE Midnight Blue, protein palmitoylation processes). The presence of 17b-estradiol has been reported to influence different aspects of ER translocation processes (e.g. microtubule stability, ER expression). 56, 59, 60 
Conclusion
All of these findings taken together further supports our argument that estrogen-related benefits could be realized in a stronger microtubule and actin cytoskeleton matrix supporting the organization of organelles and receptors required for effective regenerative skeletal muscle repair processes. Understanding the differences in functional aspects of these mechanisms in the presence of 17b-estradiol is imperative for moving this line of inquiry forward. Future targeted protein studies with and without 17b-estradiol present will be key to understanding some of the functional influences implied by the mRNA expression data in this study. Further, in order to better understand the roles of the estrogens, future study designs should include both male and female mice; a mix of control, 17b-estradiol, and estrogen receptor antagonist treatments; examining time-series changes at shorter intervals; and consideration of pre-injury versus post-injury 17b-estradiol treatment models.
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